The mitochondrial gene coding for the large ribosomal RNA (21S) has been isolated from a rho* clone of Saccharomyces cerevisiae. A DNA segment of about 5500 base pairs has been sequenced which included the totaiity of the sequence coding for the mature ribosomal RNA and the intron. The mature RNA sequence corresponds to a length of 3273 nucleotides. Despite the very low guanine-cytosine content (20.5 %), many stretches of sequence are homologous to the corresponding Escherichia coli 23S ribosomal RNA. The sequence can be folded into a secondary structure according to the general models for prokaryotic and eukaryotic large ribosomal RNAs. Like the E.coli gene, the mitochondrial gene contains the sequences that look like the eukaryotic 5.8S and the chloroplastic <t.5S ribosomai RNAs. The 5' and 3 1 end regions show a complementarity over fourteen nucleotides.
INTRODUCTION
In Saccharomyces cerevisiae, many mutations are known which affect the mitochondrial ribosomes. Most of these mutations are mapped within or near the ribosomal RNA genes of the mitochondrial DNA (mtDNA). Mutations conferring resistance to antibacterial drugs (see ref. 1) , as well as temperature-sensitive mutations (2) have been described, and extensive genetic studies have been made using these mutations. The knowledge of ribosomal gene sequences and of their flanking regions is therefore a considerable help to an understanding of the genetic properties of yeast mitochondria which are often very unusual (recombination, deletion, inversion, and so forth). Also, the structure of mitochondrial ribosomal RNA itself is of particular interest for the study of the ribosome, since the availability of the specific mutations can help to define the functional domains of the ribosomai architecture. These reasons prompted us to analyze the sequences of the rRNA genes. The primary structure of the small ribosomal RNA (155) of yeast mitochondria has been described previously (3,*) . The present report describes the gene for the large ribosoma; RNA (21S rRNA).
MATERIALS AND METHODS
Source of the 21S rRNA gene.
The rho" mutant, Fll, derived from the wild type strain 1L8-8C (a^Pl his] ; originally from the Centre de Genetique Moleculaire du CNRS, Gif) has been used for D the isolation of the gene. IL8-8C carries a chloramphenicol resistance mutation, C ,-.,
R +
and an erythromycin resistance mutation, E,. ft . It is also a to strain, that is, it contains the intron win the 2IS rRNA gene. The rho" strain Fll has retained all of these markers. Restriction analysis of Fll mtDNA and hybridization experiments with 21S rRNA (5) have shown that the mutant has a mtDNA sequence of 12000 base-pairs (bp) (repeated in tandem ; cf. ref. 6 ) and contains the totality of the 21S rRNA transcription unit, but deleted for 84 % of the wild type mtDNA (11) . A few other rho" mutants (El, E2 and E3) derived from the same wild type strain have been also used for confirmation of sequences. Their mtDNAs contained parts of the 21S rRNA gene (see Figure 1) . Isolation of mtDNA, restriction analysis and DNA sequencing. Mitochondria were purified from protoplasts and treated with pancreatic DNase I to eliminate nuclear DNA contamination. MtDNA was purified by CsCI isopiknic centnfugation. These procedures have been described previously by Casey et al. (7) . Restriction analysis of mtDNA was performed as detailed by Wesolowski et al. (8) . DNA sequences were determined according to the chemical method of Maxam and Gilbert (9) using either 5' or 3' end-labelling. SI nuclease mapping experiments were performed under the conditions described previously (10) .
RESULTS AND DISCUSSION
Restriction map of the region coding for the 2IS rRNA.
The mtDNA of the mutant Fll is a typical tandemly repeated rho" genome. No abnormal rearrangements of sequence was found with respect to the wild type map of this region (presence of all restriction fragments identical to the wild type, except for the junction-fragments of the repeating units). Single and double digestions using various combinations of restriction enzymes allowed us to establish the map shown in Figure 1A . All the restriction sites used for sequencing have been sequenced across from other sites ( Figure IB) . Sequence of the 21S rRNA Rene. Figure 2 shows the nucleotide sequence of the 21S rRNA gene and its flanking regions. The sequence corresponds to the area specified in Figure 1 . The sequence corresponding to the mature RNA is 3273 bp long (1 to 2688 and 3832 to *<fl6), split by the intron a) (2689 to 3831). The guanine-cytosine content is 20.5 %. There are many long sequences of pure adenine-thymine bases, as in the case of the mitochondrial 15S rRNA gene. The non coding (RNA-like) strand is written from 5' to 3' end. Position +1 corresponds to the first nucleotide of the mature rRNA (which is also the first nucleotide of the primary transcript). Position ^^16 is the last nucleotide of the mature rRNA, as determined by SI mapping (see Figure <t) , with ± 1 nucleotide uncertainty. In the precursor RNA the 3' end extends further 1.2 kb. The intron is from 2689 to 3831 (lower case letters). The non-excised 66 bp mini-insert is from 2466 to 2532. Two additional A's are present between 2531* and 2535 in u" strains which lack the intron and the mini-insert. E,.^, C 223 and ^321 mutatioris are at 1951, 2685 and 3884 respectively (see Figure 5 ). the precursor RNA at this position. Intron and insertion. The region 2689 to 3831 corresponds to the intron u. This segment is present only in the strains called u + . The intron and its flanking sequences have been previously studied by Dujon (15) , who used a rho" strain (IL8-8C/R53) derived from the same original strain as ours. The intron sequences obtained with these two isomitochondrial strains completely agree. About 160 bp ahead of the intron there is a 66 bp mini-insert (2466 to 2532) described by the same author. This insert is absent in w" strains (IL16-1 ID used by Dujon and FF1210-6C examined by us, data not shown). Both ID" strains have however two additional A's between 2534 and 2535. The mini-insert is transcribed into the mature RNA without excision (SI mapping experiments, not shown). Such a non-excised short insert has been also found in the mitochondrial 15S rRNA gene (10) . Secondary structure of the 21S rRNA.
The gene sequence can be folded into a secondary structure according to the general models (16, 17, 18) proposed for the large rRNAs of various organisms. Figure 5 shows a tentative folded structure, drawn in the style of Branlant et al. (17) . Details of base pairing in this figure have many other possibilities, but long distance interactions first proposed for bacterial RNAs can be remarkably reproduced with the mitochondrial sequence, despite its unusually low guanine-cytosine content. Conservation of the paired regions by compensating variations seems convincing in this case. The mitochondrial large rRNA gene looks much like E.coli 23S rRNA gene, since the 5' region of the mitochondrial gene contains a sequence (from the 5' end to about 160) reminescent of the 5.8S rRNA of eukaryotic ribosomes (cf. 20). Also a sequence which may be related to the chloroplast 4.5S rRNA is found in the 3' region (4216 to the 3' end) (cf. 18, 21, 22) . The mtDNA of Aspergillus nidulans, a filamentous fungus with a much smaller mitochondrial genome, appears to lack the 5.85 and 4.5S rRNA counterparts (19) .
Recently, we have identified the erythromycin mutation E,. at the position 1951 (submitted for publication). At 734 and 790 bp downstream (excluding the intron) R R there are two chloramphenicol mutations, C^i and C 3?l' P reviouslv identified by Dujon (15) . In the secondary structure model ( Figure 5 , domain V-VI) all these mutations are found together within a small loop, suggesting a specific role of this region in the peptide elongation cycle. This region is one of the best conserved sequences of the ribosomal RNA genes in those organisms that have been studied so far. 
